We model the geodetically observed secular velocity field in northwestern Turkey with a block model that accounts for recoverable elastic-strain accumulation. The block model allows us to estimate internally consistent fault slip rates and locking depths. The northern strand of the North Anatolian fault zone (NAFZ) carries approximately four times as much right-lateral motion (ϳ24 mm/yr) as does the southern strand. In the Marmara Sea region, the data show strain accumulation to be highly localized. We find that a straight fault geometry with a shallow locking depth of 6-7 km fits the observed Global Positioning System velocities better than does a stepped fault geometry that follows the northern and eastern edges of the sea. This shallow locking depth suggests that the moment release associated with an earthquake on these faults should be smaller, by a factor of 2.3, than previously inferred assuming a locking depth of 15 km.
Introduction
The presence of large urban and industrial centers near the North Anatolian fault zone (NAFZ) around the Marmara Sea makes the assessment of the potential for large earthquakes there critical. In this context, geophysical and geological research efforts have been undertaken to better understand seismic hazards in this vulnerable area (e.g., Schindler and Pfister, 1997) . Included in these efforts were initiatives to use the Global Positioning System (GPS) to monitor surface deformation in the greater Marmara region (Straub et al., 1997; McClusky et al., 2000) . In addition, controlled source seismic studies were conducted in the Marmara Sea to identify the submarine faults of the western NAFZ (e.g., Aksu et al., 2000; Okay et al., 2000) . The extent to which this area is prone to large earthquakes is highlighted by the devastation wrought by the two large earthquakes in the region in 1999 (e.g., Barka, 1999; Toksöz et al., 1999) .
The 1999 İzmit (M w 7.4) and Düzce (M w 7.1) earthquakes broke a 150-km-long segment of the northern branch of the North Anatolian fault. These two earthquakes were the latest in a series of 11 M w Ͼ6.7 shocks during the last century that broke most of the NAFZ from the Karliova triple junction to the Aegean Sea, a distance of more than 1000 km (Ambraseys, 1970; Barka, 1999) . The progression of earthquake activity to the east of the Marmara Sea has been modeled in terms of stress transfer and release (Stein et al., 1997; Nalbant et al., 1998) . In these models the static stress field induced by each large coseismic shock is oriented such that nearby fault segments are promoted toward failure by an increase in their Coulomb failure stress. In western Anatolia, this series of events progressed to the Marmara Sea with the large shocks of 1999.
In addition to the recent pattern of large earthquakes in western Turkey, longer-term studies of seismicity have suggested that the Marmara Sea region might be particularly susceptible to the occurrence of a large earthquake. Toksöz et al. (1979) concluded that an approximately 300-km-long segment of the fault system in the Marmara area has not ruptured seismically since the early sixteenth century and characterized the unbroken segment as a seismic gap capable of producing large earthquakes. The 1999 earthquake sequence filled in only the eastern half of the seismic gap in the Marmara Sea area (Hubert-Ferrari et al., 2000; Parsons et al., 2000) , leaving the central Marmara Sea as the largest potential seismic gap in the region.
Some measure of the potential for large earthquakes can be gleaned from an analysis of the secular velocity field. Areas with large velocity gradients can be interpreted as regions where earthquakes are likely eventually to relieve ac-E cumulated strain. In this context, we examine the secular pattern of surface velocities recorded by GPS measurements. An updated version of the velocity field reported by Mc-Clusky et al. (2000) highlights the main tectonic elements of the region (Fig. 1 ). Velocity vectors in the south are dominated by large (ϳ25 mm/yr) westward components and show the relative motion of Turkey with respect to Eurasia (McKenzie, 1972) . The magnitude of the velocity vectors decreases rather regularly with latitude. The motion of the Anatolian microplate is well approximated by a counterclockwise rotation about a Euler pole that lies near the northern edge of the Sinai Peninsula . Further, the area over which deformation is localized appears to broaden to the west, corresponding to the splitting of the NAFZ into northern and southern strands. Despite the large velocity gradients, we do not see discrete jumps in velocity across faults. Instead, we see zones of deformation around faults where the velocity gradually changes from one block to another, consistent with the pattern of strain accumulation that characterizes the interseismic period of the seismic cycle.
In order to analyze this velocity field we develop a block model of regional deformation. This approach incorporates secular velocity and fault geometry estimates, as well as the physical process of elastic-strain accumulation. With this model it is possible to detail the extent to which different faulting hypothesis are compatible with geodetic data, to estimate fault slip rates and locking depths, and to locate regions of anomalous strain accumulation. This allows us to test competing fault geometry models for the Marmara Sea region. Further, we consider the implications for seismic potential associated with the optimal locking depth of these fault segments in the context of historical earthquake activity.
Block Modeling
The variation of the displacement rate at the surface of the earth in plate boundary zones depends upon the timescale over which it is measured. Over geologic timescales, particularly in regions dominated by strike-slip tectonics, deformation is dominated by motions on faults-blocks of crust slide past each other with relatively little permanent internal deformation. The displacement on faults typically takes place during earthquakes; the resulting elastic strain in the upper crust is greatest near the fault and falls off with distance in a way that is well modeled by the strain field due to a dislocation in an elastic half-space (e.g., Savage and Burford, 1973; . During interseismic time intervals, such as the time spanned by the GPS measurements that we consider in this article, the displacement rate approaches the geologic rate far from faults but shows the effects of elastic-strain accumulation near faults.
The predicted GPS velocity field is sensitive to the assumed distribution of fault slip rates among faults and the distribution with depth and along strike on individual faults. The classic model relating geodetic velocities to fault slip rate is that by Savage and Burford (1973) . This model calculates the surface displacement rate as a function of position for a straight, infinitely long strike-slip fault separating two blocks of crust, each represented as an infinite elastic quarter-space. Between earthquakes, the fault is assumed to be locked to a constant locking depth, D; below this depth, the fault is assumed to slip everywhere at the geologic rate, m. The surface displacements as a function of distance from the fault for such a model are sketched in Figure 2a . At the time of an earthquake, the locked portion of the fault at depth less than D undergoes a uniform displacement, resulting in a concentration of elastic strain near the fault (Fig. 2b ). If the rate of earthquake occurrence is such that the long-term rate of displacement on the shallow, seismogenic segment of the fault matches the geologic rate, then there is negligible net elastic-strain accumulation, and the total geologic displacement rate ( Fig. 2a ) is identical to the sum of the interseismic displacement rate plus the average coseismic displacement rate. Because of this identity, the interseismic displacement field can also be calculated by subtracting the average rate of coseismic displacement, on a fault with depth less than D, from the geologic rate of motion between the two crustal blocks. This approach avoids numerical problems associated with calculating the displacements from dislocations with infinite depth extent.
Of course, Earth's rheological structure is more complicated than that of an elastic half-space, and processes including creep on faults at rates that vary as a function of position and time, as well as viscoelastic relaxation at depth, certainly take place. Because models that account for these processes show that it is difficult to discriminate between them (e.g., Savage and Lisowski, 1998) , we address here only the effects of viscoelastic relaxation. Consider a model with an elastic layer of thickness D overlying a Maxwell viscoelastic half-space with characteristic relaxation time s ‫ס‬ g/l, where g is the viscosity and l is the shear modulus. Assume that the model is loaded with periodic earthquakes with characteristic repeat time, T, and displacement, mT. For ratios of s/T greater than 0.5, there is little variation in sur-face velocities through the earthquake cycle, with the surface velocities closely approximating those of the classic model (e.g., Savage and Lisowski, 1998 ). If s/T is less than 0.2, then there are significant variations such that late in the earthquake cycle, the velocity gradient over the fault is spread out-suggestive of a large value of D in the classic model.
As we show subsequently, the observed interseismic velocity gradients late in the earthquake cycle near the major faults in the Marmara Sea region are steep, requiring a locking depth shallower than or comparable to the observed rupture depths of the İzmit earthquake. It appears that the relaxation time in this region is long enough that the classic model provides an adequate mathematical representation of the velocity field late in the seismic cycle. Because there are multiple faults of variable strike and slip rate, we must extend the classic model. We calculate the effects of not a single, infinitely long fault, but of a network of finite faults of variable orientation that intersect, leading to changes in geologic displacement rates along them.
In the model we develop in this article, we divide the region into a number of blocks. Each fault segment makes up part of the boundary between two adjacent blocks (e.g., Souter, 1998; McClusky et al., 2001) . The slip rate components on each fault segment are determined in an internally consistent manner by the projection of the relevant relative block velocity vector onto the fault plane ( Fig. 2b) .
As in the classic Savage and Burford (1973) model, we assume that there is negligible temporal variation in the interseismic velocity, as would be the case if the viscoelastic relaxation time were greater than half the characteristic time between earthquakes. As in Figure 2a , we calculate the effects of elastic-strain accumulation, assuming that the faults are dislocations in an elastic half-space (Okada, 1985) with a Poisson's ratio of 0.25. This allows us to model analytically the surface deformation due to an arbitrarily oriented dislocation in a Cartesian elastic half-space. We are not aware of similar closed form results for spherical bodies. We project the curved surface of our study area onto a plane using a Lambert conic conformal projection (Wessel and Smith, 1991) .
Our model implicitly enforces a path integral constraint on both the secular and geologic velocity fields. This constraint insures that the relative velocity between any two points is not a function of the path connecting these two points ( Fig. 2b) . At fault intersections this is analogous to Kirchoff's current rule, with the components of fault slip substituted for current and faults playing the role of current paths. Our block model is consistent with this constraint over geologic timescales and assumes that locking depths are the same for all three components of the dislocation vector, differentiating it from previous block models (e.g., Matsu'ura et al., 1986; Bennett et al., 1996) .
On a plane, the velocity, v, of a point, p, on an undeformed block, b, can be represented by a rotation of the block
where x p gives the coordinates of the point, p, x x gives the coordinates of the rotation axis or Euler pole, x b is the block rotation vector, and v o ‫ס‬ ‫מ‬x b ‫ן‬ x x is the translation of the origin due to rotation about x x . This decomposition shows that the rate of rotation about the Euler pole is the same as the rate of rotation about the origin and that the location of the unknown Euler pole can be replaced by the velocity at the origin, linearizing the problem. Thus, for the motion of a block in two dimensions, we have three degrees of freedom. For a collection of points on several blocks, we have a linear system of equations that can be solved for the block-motion parameters, v o and x b . While this theory is sufficient to study kinematics over geologic timescales, the ten-year timescale over which GPS observations have been acquired requires us to consider the mechanics of a deformed block. The strain accumulation due to a locked fault bounding two blocks affects not only those two blocks, but also propagates across all block boundaries. In the context of our block model, slip rates are the projection of relative block motions onto the fault-plane geometry. We assume vertical faults, with no vertical motion along fault surfaces. This leaves only strike-slip and tensile components to be considered. We still have a linear system of equations, (A ‫מ‬ GD)b ‫ס‬ v, for the deformed block case. Here A is a block assignment matrix, G relates block motions to components of slip on the bounding fault planes, D gives the partial derivatives of the elastic dislocation equa-tions, b is a vector of block-motion parameters, and v is a vector of the predicted velocities. As block motions are not, in general, known, we seek to estimate them by minimizing the weighted, correlated, squared residuals (v 2 ) by differentiation, ‫ץ‬ b r(b)C ‫1מ‬ r(b) ‫ס‬ 0, where r is the residual velocity vector and C is the partial data covariance matrix.
Although we have thus far discussed only the linear effects of varying the slip rate on the surface deformation field, we should also consider other parameters. These are the locking depth of the fault and possible variations in material properties. Addressing the depth to which these faults appear to be locked has direct implications for seismic hazard assessment.
Fault Geometry, Slip Rates, Seismic Gaps, and the Seismic Cycle
The NAFZ has a single rather well defined trace throughout most of northern Turkey. Estimates of the relative motion across the fault zone have varied widely. Seismic estimates have ranged up to 31 mm/yr (Jackson and McKenzie, 1984) , whereas geologic estimates have been as low as 5-8 mm/yr (Barka and Kadinsky-Cade, 1988) . To the west of the Modurnu valley, the NAFZ splits into northern and southern strands. The southern NAFZ has two main strands (Straub et al., 1997) . One of these strands runs just along the southern edge of the Marmara Sea and then to the Aegean through the Biga peninsula. The other strand lies approximately 50 km to the south, exits the mainland, and runs toward the island of Lesbos. While both of these strands have a history of generating large earthquakes (Ambraseys and Jackson, 2000) , they prove to be so close together, and with such little relative motion across them, that it is difficult to distinguish the effects on the GPS velocity field of each individually. In this article, we treat the southern NAFZ as a single strand.
To the north, where there is more slip, questions of the geometry of active faulting are of paramount import and ambiguous resolution. Much of the difficulty in discerning the exact nature of faulting in this region is because most of the active traces are submarine. Despite this obvious limitation, several working hypotheses of the pattern of neotectonic deformation have been proposed. Based on seismic reflection data, Okay et al. (2000) suggested that the motion of a small block characterizes the northeast corner of the Marmara Sea. Aksu et al. (2000) used seismic reflection and bathymetric data to suggest that a single fault running east to west from İzmit Bay toward Golcuk is the active trace in recent times. Grossly, the difference between these two is that one model has fault segments running straight through the Marmara, whereas the other has them stepping northward toward the northern edge of the sea. While the marine environment prohibits the acquisition of GPS data there, the GPS data that are available nearby supply information with which to explore the implications of these models.
In differentiating between the straight and stepped fault models, we simplify the stepped model by considering only the deformation associated with the northern boundary of this block system. This geometry is comparable to that used by Hubert-Ferrari et al. (2000) in their assessment of seismic hazard. Given the diffuse nature of elastic-strain accumulation, the motions of many small blocks where there is so little data cannot be resolved. The difference in the geometry of these two hypotheses can be extended to the third dimension by also considering an optimal apparent locking depth for this region.
Interpreting the Secular Velocity Field in Western Turkey
We use the observed horizontal GPS velocities from the update of McClusky et al. (2000) (Fig. 1) to estimate block motions. A local reference frame is realized by minimizing the observed velocities at six sites north of the NAFZ. The relative velocities are inverted to estimate the three blockmotion parameters for each of the two blocks that are allowed to move. We estimate the set of block motions that gives a model velocity field that is most similar to the geodetic data in a least-squares sense. The difference between the observed and model velocities allows us to assess how appropriate our model might be (Fig. 3) . Most of the residual velocities are quite small; the component-wise mean residual magnitude is about 1.2 mm/yr. The residuals shown are those associated with our preferred model, which incorporates the straight style fault geometry in the Marmara Sea and optimal elastic locking depths.
We use variations in elastic locking depth to explore the extent to which strain is localized along a fault zone. As locking depth is made shallower, the velocity variation across a given fault occurs across a narrower zone. If station velocities near a fault show a relatively rapid velocity gradient, this indicates a relatively shallow locking depth in the elastic dislocation model. We utilize two locking depths in our optimal model: a regional locking depth and a locking depth for the system of faults in the Marmara Sea region. The locking depths are determined by a three-step approach. First, we estimate the regional locking depth for all faults. We then fix all faults, other than those in the Marmara, at the regional locking depth and estimate the local locking depth for the Marmara faults. Finally, we estimate the regional locking depth again with the depth of the Marmara faults fixed and find it to be 17 km.
To find which of the two Marmara fault geometry hypotheses best fits the GPS data, we carry out experiments 26˚2 8˚30˚3 23 94 04 14 2˚2 5 mm / yr. DEMI -25.2 ± 2.0 5.7 ± 2.7 -25.6 ± 0.7 6.5 ± 1.9 -24.4 ± 1.6 5.4 ± 2.5 -24.5 ± 1.7 -1.1 ± 2.1 -6.8 ± 2.3 -0.8 ± 3.4 -3.6 ± 2.0 -8.0 ± 3.4 -6.8 ± 2.0 3.2 ± 2.6 -9.6 ± 2.6 -5.9 ± 4.3 -24.8 ± 1.6 1.8 ± 2.1 -24.8 ± 1.8 -4.2 ± 1.9 -4.9 ± 2.0 -11.9 ± 4.6 Most of the velocity vectors fit within the estimated 95% confidence intervals for the observations. Stations with shaded error ellipses are those that contribute to the local chisquare value used to estimate the geometry and locking depth of the Marmara Sea faults. The seven sites with shaded ellipses are, from west to east, YENB, MISL, MAER, SELP, ITAY, IKAN, and CINA. The solid lines show the preferred fault model. The dashed line in the Marmara Sea shows that alternate stepped geometry. Slip rate estimates and their one-sigma uncertainty estimates associated with our preferred shown as pairs. The upper values are strike-slip rates, with negative values indicating right-lateral motion; the lower values are the fault-normal motion, with negative values indicating opening. The northern strand of the NAFZ carries approximately 4 times as much right-lateral motion as does the southern strand. Variations in slip rate between adjacent fault segments reflect the sensitivity of this calculation to fault geometry and block rotation rate.
Strike slip rates
with local locking depths for both cases. This approach allows us to see if one style of fault geometry is preferred or if there are trade-offs between locking depth and fault geometry that preclude us from reaching any such conclusion. In order to highlight the sensitivity of nearby sites to the distribution of strain near these fault segments, we calculate a local chi-square (v 2 ) (sum of weighted squared residuals) based on the seven sites shown with gray observed-error ellipses in Figure 3 . When locked to a depth of 17 km, both the fault geometry models generate eastward residual velocities outside of their 95% confidence ellipses for the two sites (MAER and SELP) that are closest to the northern edge of the Marmara. We find that both the stepped and straight models have optimal apparent locking depths substantially less than the global average (Fig. 4) . For the straight style geometry we find the local chi-square value approximately equal to 30 at a depth of 6.5 km, whereas the minimum chisquare value for the stepped geometry is about 50% greater (Fig. 4) . The straight style fault geometry is preferable as the local chi-square value has a significantly lower minimum and provides a better solution than does the stepped geometry for most reasonable locking depth values. Our preferred model incorporates the straight style fault geometry in the Marmara Sea, a regional locking depth of 17 km, and a local Marmara locking depth of 6-7 km.
We calculate confidence intervals on estimates for the locking depth of the Marmara Sea fault by Monte Carlo simulations. To do this we estimate the fault locking depth with different realizations of velocities at the sites used in the local chi-square calculation. Each velocity component is perturbed from its observed value by picking a random number from a Guassian distribution and normalizing the deviation by the estimated variance of the observable. The uncertainty in the determination of the local reference frame is propagated through these calculations. For our preferred fault geometry we find the best locking depth and one-sigma uncertainty estimate is 6.5 ‫ע‬ 1.1 km at the 95% confidence level (Fig. 4) .
The slip rates associated with this model (Fig. 3 ) stand in support of the idea that the northern strand of the NAFZ carries more right-lateral motion than does the southern strand. In fact, the northern strand appears to support nearly as much slip west of the fault-trace bifurcation as the NAF proper does to the east. Indeed, the slip rates in the Marmara range up to 24.3 ‫ע‬ 1.6 mm/yr of right-lateral motion with a small amount of opening. Figure 4 also shows the slip rate on the Marmara Sea fault as a function of different locking depths. Over the range of locking depths from 0 to 15 km, the change in the strike-slip rate does not vary outside of the one-sigma uncertainty estimates.
Discussion
The small magnitudes seen in the residual velocity field suggest that our block model may be appropriate; it is compatible with observed secular velocities, fault geometry estimates, geologic block motions, and elastic dislocation the-ory. The general agreement between our geodetic slip rate estimates on the NAFZ and estimates based on focal mechanism studies (e.g., Jackson and McKenzie, 1984) is evidence that most geologic displacement occurs along faults. If this were not the case, we would expect to see substantially more motion in the observed velocity field and correspondingly higher geodetic slip rate estimates.
Combining our model results with the historic record of earthquakes, we conclude that the Marmara region is susceptible to major (M w Ͼ 7) earthquakes but that strain is accumulating over a substantially shallower depth interval (ϳ6.5 km) in the Marmara Sea region than elsewhere (ϳ17 km) in Turkey. This inference has several implications for seismic hazard assessment. First, because seismic moment depends on the product of fault width (or locking depth), fault length, fault displacement, and shear modulus, decreasing the locking depth by a factor of 2.3 leads to a corresponding decrease in moment, all other factors being constant. Thus, our model would predict a factor of 2.3 less moment release in Marmara than that of Hubert-Ferrari et al. (2000) . This inference is consistent with the estimate of Ambraseys and Jackson (2000) that the maximum magnitude historic earthquake near Istanbul is M w Ͻ 7.2. Second, assuming the same moments and displacements as Ambraseys and Jackson (2000), but a width a factor of 2 smaller, our model would lead to rupture lengths a factor of 2 greater for earthquakes beneath the Marmara. This could mean that the entire Marmara segment of the northern NAFZ broke both in 1509 and in 1754-1766, decreasing by a factor of 2 (compared to Ambraseys and Jackson [2000] ) the time over which strain has accumulated in this region without being relieved by a major earthquake.
Our study has many similarities in approach to that of Hubert-Ferrari et al. (2000) , who concluded on the basis of their models that two events as great or greater than the M w 7.4 İzmit event are likely to occur beneath the Marmara Sea. We reach a somewhat less alarming conclusion about the seismic risk in the Marmara region. Therefore, it is important to understand what differences in assumptions lead to such substantial differences in conclusions. Hubert-Ferrari et al. (2000) used a stepped fault geometry quite similar to ours and used the GPS velocities of Straub et al. (1997) to constrain slip rates on the down-dip extensions of faults that are assumed to be locked to 15-km depth. The slip rate that they inferred for the northern strand of the NAFZ (24 mm/ yr) was, within errors, equal to ours. The most important difference is that in our inversions, we assume that locking depths in the Marmara region may be shallower than elsewhere because, for example, the crustal extension there may lead to a steeper geotherm (cf., Doser and Kanamori, 1986) . Using a range of assumed locking depths, we find that the GPS data strongly prefers a shallower locking depth in this region-as shallow as 1-2 km for the fault geometry of Hubert-Ferrari et al. (2000) . While they recognized that creep on faults to shallower locking depths might satisfy the GPS observations, they believed these models are improbable based on the historical record of large (M w Ͼ 7) earthquakes in 1754 and 1766 in the Marmara region. They argue that these two earthquakes occurred on adjacent fault segments and ruptured essentially the entire stepped fault system. Their assumption, based on the İzmit analogy, that rupture would occur to 15-km depth, leads to their inference that the Marmara Sea region is capable of generating earthquakes in excess of M w 7.4 because of the possibility of a greater rupture length there than at İzmit.
It is impossible to determine reliably the magnitudes or even the locations of these preinstrumental earthquakes that occurred in the eighteenth century. However, Ambraseys and Jackson (2000) placed the 1754 and 1766 earthquakes on the same fault segment southeast of Istanbul and concluded that most of the Marmara segment of the northern NAFZ has not ruptured since 1509.
An alternative approach is to examine the relation between geodetic strain accumulation and seismic moment release in the Imperial Valley of California, a region of combined extension and strike-slip deformation that shares some similarities with the Marmara region. An M w 7.1 earthquake ruptured the Imperial fault in 1940, whereas an M w 6.6 earthquake occurred on the same fault segment in 1979 (Doser and Kanamori, 1986) . These events were relatively shallow-the more reliably located 1979 event had a hypocentral depth of 8 km (Archuleta, 1982) , a factor of 2 smaller than the hypocentral depth of the İzmit earthquake. Doser and Kanamori (1986) investigated the depth distribution of earthquakes in this region, finding a strong inverse correlation with heat flow, with a peak in the frequency of occurrence of earthquakes in the Imperial Valley at 8-km depth. Interseismic strain in this area is concentrated close to the fault and is adequately modeled assuming a locking depth of 7.5 km (Bennett et al., 1996) . This example illustrates that large earthquakes, such as those in the historical record in the Marmara, could result from rupture of faults with shallow locking depths and that the same fault segment can rupture twice over a time span of a few decades.
The highly localized variation in observed GPS velocities across the Marmara Sea leads us to infer a relatively shallow locking depth for the fault segments there. This inference is based on our calculation of interseismic strain accumulation assuming a simple model, a dislocation within a uniform elastic half-space. Hager et al. (1999) investigated the origin of a similarly localized velocity gradient in the Ventura basin region of the Transverse Range of southern California, where simple dislocation models also suggest locking depths of 5 km for the thrust faults bounding the basin. However, the 1994 M w 6.8 Northridge earthquake ruptured to a depth of 17 km, demonstrating that, in this case, the inference of fault locking depth from a simple dislocation model is incorrect. The explanation of this apparent contradiction is that the Ventura basin is characterized by a thick wedge of low-modulus sediments extending to greater than 15-km depth. Using finite-element models, Hager et al. (1999) showed that if the low shear modulus of the sediments is included, the localized velocity gradient across the basin is compatible with faults locked to 15-km depth. Might a similar model be applied to the Marmara?
We do not think that the effect of low-modulus sediments in the Marmara Sea could be nearly as pronounced as it is for the Ventura basin. The sediments in the Marmara are on the order of 4 km thick (e.g., Aksu et al., 2000) , whereas the Ventura basin sediments are greater than 15 km thick, one of the thickest piles of Pliocene-Pleistocene sediments in the world. Although further detailed work examining the effects of both horizontal and vertical variations in elastic moduli is in order, we doubt that such work will substantially change our inferences about relative variations in locking depths. Also note that seismic moment depends on the product of shear modulus and locking depth, so our conclusions about expected seismic moment are more robust than our estimate of locking depth alone.
Conclusions
Our block model is successful in reproducing the observed secular velocities, with reasonable fault slip rates. This suggests that it may be a reasonable description of the present day tectonics of northwestern Turkey. In the Marmara region we reject the stepped fault model proposed by Okay et al. (2000) and used by Hubert-Ferrari et al. (2000) to address seismic potential. We find the straight, through-going, fault model of Aksu et al. (2000) fits the GPS data best with a locking depth of 6-7 km. Based on this rather shallow locking depth and the historical record of earthquake activity, we suggest the Marmara faults could generate M w Ͻ 7.2 earthquakes but the M w Ͼ 7.4 earthquake scenario proposed by Hubert-Ferrari et al. (2000) is unlikely.
